Abstract: Urban expansion plays a dominant role in the urban heat island (UHI) 3 formation and is thus the essence and fundamental characteristic of the urban fabric. 4
Introduction 21
There has been a surge of urban expansion in China, with urban areas increasing by Although statistical models are useful to describe the patterns and explore the 32 associated factors of the UHI, they cannot reveal the generation and development of 33 UHI (Voogt and Oke 2003) . In addition, remote sensing images measure only the 34 surface skin temperature, while the near-surface air temperature correlates more to 35 human comfort. Although these two types of temperatures are closely related, they are 36 actually different (Gallo et al. 2011) . A series of sensitivity experiments are necessary 37 to get a deeper insight into the UHI and the effects of urban expansion on UHI from a 38 modeling perspective. 39 9 
Experiments design 146
During the study period and the two-level nested spatial domains (Chen et al. 2011 , 147 Skamarock et al. 2005 , the global and regional warming effects were embedded in all 148 the simulation scenarios by the input reanalysis data. This study also included 149 sensitivity experiments by changing the underlying LULC data to explore the impacts 150 of urban expansion on the UHI. In addition, the BTH metropolitan region has a 151 subhumid warm temperate continental monsoon climate with a cold and windy winter, 152 a hot and humid summer, and transitional periods in spring and autumn (Qiao et al. 153 2013) . Likewise, the distinct seasonal variations in the UHI have also been described, 154 with the UHI reaching its peak intensity in summer, much lesser in spring and autumn, 155 The monthly averaged simulated 2-m temperature was also compared with the 189 monthly average observed air temperature for each station (Table 3 typically received no precipitation, the days were considered dry. In July, the 5th, 6th,14 the days were dry. The simulated surface skin temperatures at local times 02:00, 221 08:00, 14:00, and 20:00 in January and July 2005 are presented in Fig.4 . The SUHI 222 was observed to be distinct in July, while the SUHI in January was not so obvious. 223
In the case of the SUHI in July, the nighttime SUHI at 02:00 and 20:00 was much 224 larger than the daytime SUHI at 08:00 and 14:00. The spatial pattern of 2-m 225 temperature was consistent with the surface skin temperature (figures are not shown 226 here). The air UHI (AUHI) in July was significantly larger than that in January, 227 while the nighttime AUHI in July was significantly greater than the daytime AUHI. 228 creates shadows from buildings in urban areas in winter, which also lead to less 265 shortwave radiation in the shadows and lower temperatures in urban areas. 266
Effect of urban expansion on the UHI 267
To explore the effect of urban expansion on the UHI (Fig. 6) , the daily mean, 268 maximum, and minimum surface skin temperatures, for dry days, in July, were 269 compared between the 1980s, 2005, and 2050. The remarkable changes of the daily 270 mean temperature, in the three periods (upper row in Fig. 6 ), could be captured withtemperature were small for the maximum temperature (middle row in Fig. 6) , and 273 the UHI could be hardly identified. The UHI was generally best revealed in the 274 minimum temperature maps in all three scenarios (lower row in Fig .6 ). The 275 footprint of the newly developed urban areas was also clearly captured by the maps. 276
Similar spatial patterns can also be observed in the 2-m air temperature maps 277
(Figures are not shown here). 278
To confirm the significant effect of urbanization on temperature, especially the 279 minimum temperature, relative frequency distribution curves were plotted 280 highlighting the temperature changes caused by urban expansion (Fig. 7) . The 281 changes of mean, maximum, and minimum surface skin temperature, during three 282 scenarios, were barely discernible over the old urban areas in the 1980s (left column 283 in Fig. 7) . Over the newly developed urban areas in 2005 (middle column in Fig. 7 higher during the nighttime and 0.5 K higher during the daytime than that in the 1980s. 314
The newly developed urban areas also increased the temperature over the old urban 315 areas, which can be reflected by the temperature differences between years (right 316 panel in Fig. 8 The significant effect of urban expansion on the minimum temperature, together 340 with the largest temperature increase at night, was consistent with the previously 341 observed greater UHI at night. It can be explained by the characteristics of urban 342 constructed surfaces. Impervious urban structures have a higher heat capacity that 343 can store more energy during the daytime and release the heat slowly at night. The 344 low sky view factor also delayed the loss of heat through multiple reflections and the 345 trapping of near-surface air in urban areas (Argüeso et al.2013 ). However, the 346 opposite is true over rural areas. The differences between urban and rural areas lead 347 to different heat flux characteristics, which finally contribute toward urban 348 expansion leading to increases in the minimum temperature and temperatures getting 349 warm during the night. (Fig. 9a-b) . The urban surface had much higher sensible heat flux and 377 much lower latent heat flux than rural areas due, in part, to lower evaporation over 378 the urban surface. Although both the urban and rural areas had roughly the same 379 short-wave fluxes (Fig. 9c) , the urban area gained more radiation and stored more 380 heat than rural areas (Fig.9e) . Also, a higher surface temperature in urban area was 381 expected because of its large heat storage during the daytime. The active heat fluxes 382 between the underlying surface and the atmosphere also led to the much higher air 383 temperature over urban regions. The long-wave flux witnessed in urban areas was 384 much larger in comparison to rural areas (Fig. 9d) 
Summary 398
This study was conducted using the BTH metropolitan area as the area of the study to 399 ascertain the effect of urban expansion on the UHI using the coupled WRF/UCM 400 modeling system. Fine spatial resolution LULC data in the 1980s and 2005 and urban 401 expansion in 2050, predicted using a statistical land conversion model, were used in 402 this study. The significant effect of urbanization on temperatures, especially the 403 minimum temperature, was quantified over both the newly developed and the old 404 urban areas, by evaluating the three scenarios in the sensitivity experiments. 405
Both the surface UHI and air UHI shared consistent seasonal and diurnal variations. 406
The UHI can be observed distinctly in July, while is not so obvious in January. The 407 UHII was larger during the nighttime and reached the largest value around 04:00 in 408
July. It was much weaker during the daytime and reached the lowest value around 409 12:00. The diurnal variation in AUHII was consistent with the SUHII, but about 2 K 410 lower than the SUHII during the nighttime and about 1 K lower during the daytime. 411
Urban expansion significantly affected the minimum temperature. The UHI can be 412 observed in all three scenarios, and the footprint of the newly developed urban areas 413 can be captured, especially in the map showing the minimum temperature. While the 414 maximum temperature increased by about 2 K, both the mean and the minimum 415 temperature would be increased by about 5 K over the newly developed urban area. 416
The temperature over the old urban area would also be increased by urban growth 417 (by <1 K). The results point to a more uncomfortable urban environment in the 
